Bone marrow-derived cells (BMCs) are multipotent cells that have the potential to differentiate into bone, cartilage, fat, muscle, or neuronal lineages such as neurons and glial cells. A silicone tube model containing reverse-pedicled sural vessels was created in the sciatic nerves of Lewis rats. About 1 × 10 7 BMCs, removed from the bone marrow of synergetic rat femurs and cultured in vitro, were transplanted into the 15-mm-long chambers of the silicone tubes. Nerve regeneration in vessel-containing tubes that had received BMCs was significantly greater at 12 and 24 weeks after surgery than in tubes that did not receive cells. Transplantation of fibroblasts instead of BMCs into the vessel-containing tube resulted in reduced axonal regeneration, which was inferior to regeneration in the vessel-containing tube that did not receive cells. Polymerase chain reaction (PCR) studies revealed that in vessel-containing tubes containing transplanted BMCs, about 29% of cells in the regenerated nerve originated from BMCs. Cells identified by in situ hybridization and PKH26 prelabeling as being of BMC origin stained positively for S100 and GFAP. Transplanted BMCs differentiated into cells with phenotypes similar to those of Schwann cells under the influence of neurochemical factors and survived by obtaining nutrients from vessels that had been preinserted into the tube. They thus functioned similarly to Schwann cells, promoting nerve regeneration.
INTRODUCTION
cells with tubulation improves the number and diameter of regenerated axons and extends the distance across which axons regenerate (26, 29, 33) . Peripheral nerve injury is often associated with nerve deficits. Autologous nerve grafting is widely accepted Bone marrow-derived cells (BMCs) have the potential to differentiate into cells with several different phe-and is considered the gold standard method for treatment of such injuries. However, autologous nerve grafting has notypes depending on the environment in which they are cultured (4, 12, 20, 22, 23, 25) . Tohill et al. demonstrated several drawbacks, including limited sources of nerves and morbidity at the site of the donor nerve. Since the that when BMCs were placed in a tube, both ends of which were connected to peripheral nerve stumps, intra-development of immunosuppressants, several reports have described the use of nerve allografts for treatment chamber nerve regeneration was accelerated by differentiation of BMCs into cells with Schwann cell pheno-of peripheral nerve injuries associated with nerve deficits (8, 13) . These immunosuppressants may have serious types (30) . It was assumed that the transplanted BMCs were nourished by capillaries extending from the nerve side effects, some of which can be lethal (9, 17) . Artificial nerves have been considered as alternatives to nerve stumps joined to both ends of the tube. Therefore, the intrachamber BMCs tended to be ischemic in tubes with grafting and to bridge the interstump gaps of peripheral nerves. Numerous experimental studies have shown that long interstump gaps.
In the present study, we focused on the vascular and fewer axons with smaller diameters are regenerated over a shorter distance with tubulation compared with autolo-neurochemical environment within the tube. We created a silicone tube model containing BMCs and pedicled gous nerve grafts (18, 19) . However, recent studies have demonstrated that the use of bioengineered additives sural vessels with a 15-mm interstump gap in rat sciatic nerves. Our hypothesis was that BMCs could survive such as neurotrophic and neurotropic factors, growth factors, cell adhesion molecules, and cultured Schwann within the silicone tube by obtaining oxygen and nutri-812 YAMAKAWA ET AL. ents from the preinserted sural vessels and would thus Characterization of Undifferentiated Bone Marrow-Derived Cells differentiate under the influence of neurochemical factors within the tube into cells expressing Schwann cell To confirm the differentiation potential of the BMCs phenotypes, which would improve axon regeneration obtained from donor Lewis rats, cells were cultured unwithin the tube. Nerve regeneration in the tubes was der conditions suited for either adipogenic, chondroevaluated electrophysiologically and histomorphologigenic, or osteogenic differentiation. After 1-3 weeks uncally at 12 and 24 weeks after tubulation. Schwann cells der lineage-specific culture conditions, the BMCs had derived from BMCs inserted into the vessel-containing differentiated to a great extent into cells with adipotubes were quantified genetically using a polymerase genic, chondrogenic, and osteogenic phenotypes (24) . chain reaction (PCR) specific for the sex-determining
To investigate the osteogenic differentiation of BMCs, region of the Y chromosome, Sry. PKH26-prelabeled cells were cultured in 10% FBS in the presence of 0.1 BMCs were also transplanted into the tubes and sections µM dexamethasone, 10 mM β-glycerol phosphate, and of the regenerated nerves were stained with anti-S100 0.05 mM ascorbic acid-2-phosphate at 37°C in an atmoand anti-GFAP antibodies to confirm that the transsphere of 5% CO 2 and 95% humidity. The isolated planted BMCs differentiated into cells with phenotypes BMCs formed aggregates or nodules and were stained similar to those of Schwann cells.
with alizarin red and expressed with alkaline phosphatase.
MATERIALS AND METHODS
We also investigated whether the BMCs had potential All experiments were performed in accordance with for chondrogenic differentiation. A pelleted micromass the guidelines of the Animal Research Committee, was obtained by gently centrifuging 2.5 × 10 5 isolated Graduate School of Medicine, Kyoto University.
BMCs. The BMC pellets were cultured in DMEM solution containing FBS and 0.1 µM dexamethasone in a 15-Culture of Bone Marrow-Derived Cells ml polypropylene culture tube at 37°C in an atmosphere and Skin Fibroblasts of 5% CO 2 and 95% humidity. The cell pellets devel-Primary BMCs were isolated from the bone marrow oped a multilayered matrix-rich morphology; staining of femurs of inbred male Lewis (RT-1 l ) rats according with alcian blue indicated that the BMCs had been transto the method of Azizi et al.
(2). In brief, rats were sacriformed during culture into cells that formed a proteoglyficed by inhalation of diethyl ether, bilateral femurs can-rich extracellular matrix. were extracted, and the distal epiphyses were removed Adipogenic differentiation was induced by treating aseptically. The bone marrow was flushed out by injectthe expanded BMC cultures with normal medium suping 5 ml of Dulbecco's modified Eagle's medium plemented with 0.2 mM isobutylmethylxanthine and 1 (DMEM) (Sigma, St. Louis, MO) solution through an µM BRL49653 at 37°C in an atmosphere of 5% CO 2 18-gauge needle inserted into the proximal end of the and 95% humidity (27). Induction was confirmed by the bone and collected in a sterile culture dish. The BMCs accumulation of lipid-rich vacuoles within cells, which were cultured in DMEM containing 10% fetal bovine were stained with Oil Red O. serum (FBS) and 1% antibiotic-antimycotic agent Preparation of Vessel-Containing Tubes (10,000 U/ml penicillin and 10,000 µg/ml streptomycin; Sigma) and incubated at 37°C, in an atmosphere of 95% Inbred Lewis (RT-1 l ) rats (10-12 weeks old, weighing 90-140 g) were used (n = 114). The surgical proce-humidity and 5% CO 2 . After a 48-h incubation, BMCs were collected from the bottom of the dish. The BMCs dures were described in detail by Kakinoki et al. (14) . In short, rats were anesthetized by IP injections of sodium were subsequently subcultured four times and finally subjected to the experimental procedures ( Fig. 1a ). pentobarbital (Nembutal; 40 mg/kg body weight) and ketamine chloride (Ketalar; 40 mg/kg body weight). A After the male Lewis rats were sacrificed, fibroblasts were isolated from the dermis of the skin using 1 mg/ 3-cm skin incision was made from the popliteal fossa to the posterior fossa to the ankle. The sural nerve was ml collagenase (Sigma) and cultured. The cells were grown as monolayers in DMEM supplemented with transected both just distal to its bifurcation from the sciatic nerve and at the ankle, separated from its concomi-10% FBS, 10,000 U/ml penicillin, and 10,000 µg/ml streptomycin at 37°C in an atmosphere of 5% CO 2 and tant vessels, and removed completely. A 0.5-cm myocutaneous flap, vascularized by the sural vessels and 95% humidity. The fibroblasts were removed after the fourth passage ( Fig. 1b) . Cultured BMCs and fibroblasts excluding the sural nerve, was elevated from the posterior surface of the ankle (Fig. 2a ). The incision was then were harvested, treated with 0.2% trypsin and 0.02% EDTA (Sigma), and suspended in 0.5 ml DMEM at a extended to the hip joint, with the sciatic nerve exposed from the sciatic notch to the popliteal fossa, using a glu-concentration of 1-2 × 10 7 cells/ml. teal muscle-splitting approach, and a 10-mm section was 1 l ) rats (10-12 weeks old and weighing 120-140 g) for immunohistochemical studies to verify the differentia-removed at the level of the midthigh. The sural vesselcontaining flap was relocated to the thigh ( Fig. 2b ) and tion of BMCs into cells with phenotypes similar to those of Schwann cells (n = 3). the sural vessels were inserted into an 18-mm silicone rubber tube (outer diameter, 3.0 mm; inner diameter, 2.0 FIB Group (n = 29). About 1 × 10 7 skin fibroblasts mm; Dow Corning Co. Ltd., MI) through a longitudinal were injected into the lumen of each vessel-containing slit. The epineuria of the proximal and distal sciatic tube (n = 24). Male fibroblasts were transplanted into nerve stumps were sutured with 9-0 monofilament nylon the vascularized tubes of female rats for PCR analysis to the ends of the tube, leaving a 15-mm interstump gap (n = 5). (Fig. 2c ). Myocutaneous flaps were sutured to the but-VCT Group (n = 24). No cells were injected into the tocks and used as monitor flaps to indicate whether the vessel-containing tubes. preinserted sural vessels remained patent.
Cultured BMCs or fibroblasts were transplanted into ET Group (n = 24). The right sciatic nerve was exposed and a 10-mm-long nerve segment was removed. the tubular lumen using a microsyringe injection technique (described later). The longitudinal slit of the sili-
The nerve stumps were joined to either end of an 18mm-long silicone tube of the same length and diameter cone tube was then closed with 5-0 nylon sutures. At this point, the rats were randomly allocated to the BMC, as those used for the other groups, leaving a 15-mmlong interstump gap. About 1 × 10 7 BMCs were injected FIB, or VCT treatments described in the following section. The wound was rinsed well and closed with 4-0 into the lumen of each silicone tube before closing the wound. nylon sutures (Fig. 3) . The color of the monitor flaps was checked every day postoperatively.
Electrophysiological Studies Experimental Groups
Twelve and 24 weeks after nerve transplantation, 12 rats in each of the four groups were anesthetized. The BMC Group (n = 37). About 1 × 10 7 BMCs were injected into the lumen of each vessel-containing tube us-right sciatic nerve was exposed and stimulated just distal to the piriformis muscle (S1) and at the popliteal fossa ing a microsyringe. BMCs of male origin were transplanted into a tube in the sciatic nerve in male rats for (S2) using a bipolar silver electrode. Two pairs of needle electrodes were inserted into the pedal adductor muscle electrophysiological, histological, and morphological studies (n = 24). Male BMCs were transplanted into ves-to check for the presence of an evoked action potential. Motor nerve conduction velocity (MNCV) was calcu-sel-containing tubes in the sciatic nerves of female inbred Lewis (RT-1 l ) rats (10-12 weeks old and weighing lated for both types of evoked action potential (S1 and S2). If an action potential was evoked in the pedal ad-90-110 g) for genomic analysis using PCR or in situ hybridization (n = 10). Male BMCs prelabeled with ductor muscle, its amplitude (peak-to-peak) was measured. The same procedure was performed on the left PKH26 were also transplanted into vessel-containing tubes in the sciatic nerves of male inbred Lewis (RT-hind limb, and the MNCV and the action potential am-plitude in the pedal adductor muscle were expressed as percentages of those in the left intact hind limb.
Histological Studies
After the electrophysiological study, the tubes and their adjacent nerve portions were removed, fixed in 1% glutaraldehyde and 1.44% paraformaldehyde, postfixed with 1% osmic acid, and embedded in epoxy resin. Transverse sections (1 µm thick) were taken from the most distal region of the regenerated nerve. The sections were stained with 0.5% (w/v) toluidine blue solution and examined by light microscopy (Nikon ECLIPSE 80i, Tokyo, Japan).
Morphological Studies
Images of the specimens were captured by light microscopy and downloaded to a personal computer using Photoshop Version 5 software (Adobe Systems Inc., San Jose, CA). The total number of myelinated axons, myelinated axon density, mean myelinated axon diameter, and the neural area were calculated for each specimen using Image Pro Plus software (Media Cybernetics, Silver Spring, MD). The entire neural areas (a) of four or five fields at a magnification of 40× were recorded. The fields were chosen at random so that the neural area analyzed constituted more than 20% of the entire neural area of each specimen. The numbers of myelinated axons, the neural area, and the shortest diameter of each myelinated axon were recorded for each field at a magnification of 400×. The total numbers of myelinated axons (b) and neural areas (c) of four or five fields were calculated. The total number of myelinated axons was (7, 10, 11, 31) . The rat Y-Cy3/12-FITC paint probe (Cambio, Cambridge, UK. Cat. No. CA 1630) was used. After estimated using the formula: b × a/c. The mean myelinated axon diameter in micrometers was expressed as the the paint mix was applied, the sealed slides were denatured at 75°C for 10 min and hybridized overnight at mean of the shortest diameters of all myelinated axons in the four or five fields.
37°C in a humidity chamber. The coverslip was then removed and washed with PBS, and the slides were Genomic Studies mounted in DAPI mounting medium and examined. Fluorescent in situ hybridization signals and staining of tis-Five female rats in each of the BMC and FIB groups were used for genomic studies. Twelve weeks after sur-sue cells were recorded separately. Images were captured and combined using RS Image (Nippon Roper Co., gery, a 10-mm-long nerve segment was taken from the center of the transplanted nerve segments of each group.
Ltd.) and Photoshop Version 5 software (Adobe Systems Inc., San Jose, CA). DNA was extracted from each nerve segment using phenol-chloroform extraction and quantified spectrophoto-Prelabeling With PKH26 and Immunohistochemistry metrically. Two types of PCR studies (PCR 1 and 2)
The PKH fluorescent cell-linker method was used to were carried out on each DNA sample.
label viable cells before implantation. PKH26 labeling PCR 1 was specific to the rat β-actin gene (5′-AGTG was performed as described previously (3). Briefly, 10 7 AGGCCAGGATAGAGC-3′ and 5′-GAGAAGCTGT male BMCs were suspended in 1.0 ml of Diluent C and GCTATGTTGC-3′). PCR 2 was designed to be specific stained by rapidly admixing the suspension with a workto the rat sex-determining region of the Y chromosome, ing solution containing 20 µM PKH26, which was pre-Sry (5′-GTAGGTTGTTGTCCCATTGC-3′ and 5′-GAGA pared by diluting 20 µl of 10 −3 M ethanolic dye stock in GAGGCACAAGTTGGC-3′). PCR 2 was carried out 1.0 ml of Diluent C immediately prior to staining. The under the same conditions as PCR 1. The PCR products final staining concentrations were 10 µM PKH26 and were loaded onto 2% agarose gel and visualized by 5 × 10 6 cells/ml. Staining was stopped after 3 min by ethidium bromide staining. To semiquantify the Sry genes, addition of 2 ml FBS. Cells were then washed three the optical densities of amplified fragments of the Sry times with 5 ml DMEM containing 10% FBS. The laand β-actin genes were evaluated using National Instibeled BMCs were transplanted into three male rats. At tutes of Health Image Software (Bethesda, MD) (http:// 12 weeks after surgery, cryosections of the middle of rsb.info.nih.gov/nih-image/Default.html), and the ratio the regenerated nerve were immunostained with antiof Sry to β-actin was calculated for each DNA sample rabbit anti-S-100 antibody (1:200; DAKO) or anti-rabbit as described (1).
anti-GFAP antibody (1:200; DAKO) followed by stain-Immunohistochemistry and Fluorescent ing with the secondary antibody, anti-rabbit IgG FITC.
In Situ Hybridization
The resulting double fluorescence labeling [PKH fluorescence (red); respective antibody (green)] was evalu-Five rats from the BMC group were used for in situ ated microscopically. hybridization. At week 12 after transplantation, the middle of the resected tissue of the regenerated nerve from Statistical Analysis female rats that had received male cells was embedded Data are presented as means and SDs. The overall in paraffin and consecutive transverse sections were presignificance of differences between the means of the pared at a thickness of 3 µm and mounted on silanethree groups was assessed using one-way analysis of coated slides for immunohistochemistry, fluorescent in variance. When a significant difference was detected, a situ hybridization, and conventional histology. For conpost hoc test was applied using the Bonferroni-Dunn ventional histology, nerve sections were stained with eimethod. Statistical significance was assumed at p < 0.05. ther hematoxylin and eosin or hematoxylin and toluidine blue. For immunohistochemistry, these sections were in-RESULTS cubated with primary antibodies for 1 h in TBST (50 Neural Tissue Formation mM Tris-HCl, pH 7.6, and 0.15 M NaCl solution containing 0.05% Tween). The primary antibodies were At weeks 12 and 24 after surgery, neural tissue had formed in all tubes of the BMC, FIB, and VCT groups; anti-rabbit anti-S-100 (1:200; DAKO) and anti-rabbit anti-GFAP (1:200; DAKO). Following TBST rinses, however, neural tissue had formed within the tubes of only two rats in the ET group at week 12 after surgery ENVISION+/HRP (DAB) (DAKO) was applied for 30 min. After PBS washes, hematoxylin was used for nu-and there was no evidence of neural tissue formation in any of the tubes of these rats at week 24 after surgery. clear staining. Adjacent sections were reacted with the paint probe for the Y chromosome to observe trans-In both instances of neural tissue formation in the ET group at week 12 after surgery, the neural tissue was planted male BMCs using a hybridization method very thin and contained no myelinated axons, as con-Morphological Studies firmed by histological analysis. Therefore, the ET group Total Number of Myelinated Axons. At 12 weeks was excluded from statistical analysis.
after surgery, the mean total numbers of myelinated axons in the BMC, FIB, and VCT groups were 12,658 ± Electrophysiological Studies 2,071, 1,805 ± 696, and 5,901 ± 1,054, respectively. The mean of the BMC group was significantly greater than Pedal Adductor Muscle Amplitude. The amplitude of those of the FIB and VCT groups (both p < 0.001). The the action potential evoked in the pedal adductor muscle mean value of the VCT group was significantly greater and the motor nerve conduction velocity (MNCV) of the than that of the FIB group (p < 0.001). operated limb were expressed as percentages of the cor-At 24 weeks after surgery, mean total numbers of responding values for the contralateral nonoperated limb myelinated axons were 12,629 ± 1,818 for the BMC of each rat. At 12 weeks after surgery, action potentials group, 2,292 ± 1,209 for the FIB group, and 6,476 ± were evoked in the pedal adductor muscles of 9 out of 1,011 for the VCT group. The 24-week mean of the BMC 12, 2 out of 12, and 3 out of 12 of the rats in the BMC, group was significantly greater than those of the FIB FIB, and VCT groups, respectively. The mean pedal adand VCT groups (both p < 0.001). The mean of the VCT ductor muscle amplitudes of the BMC, FIB, and VCT group was significantly greater than that of the FIB groups were 14.9 ± 4.6%, 2.2 ± 1.3%, and 3.1 ± 1.2%, group (p < 0.001). respectively (no statistical comparison was done). At 24 weeks after surgery, the mean pedal adductor muscle Myelinated Axon Diameter. At 12 weeks after suramplitudes of the BMC, FIB, and VCT groups were gery, mean diameters of myelinated axons of the BMC, 55.2 ± 6.1%, 5.9 ± 5.3% and 30.1 ± 9.6%, respectively. FIB, and VCT groups were 0.97 ± 0.10, 0.81 ± 0.06, and The mean amplitude of the BMC group was signifi-0.90 ± 0.05 µm, respectively. The mean axon diameter cantly greater than those of the FIB and VCT groups of the BMC group was significantly greater than those (p < 0.001). The mean amplitude of the VCT group was of the FIB group (p = 0.004) and the mean of the VCT significantly greater than that of the FIB group (p < group was significantly greater than that of the FIB 0.001) (Table 1) . group (p = 0.015), but there was no significant difference between the means of the BMC and VCT groups.
Motor Nerve Conduction Velocity (MNCV). At 12
At 24 weeks after surgery, mean myelinated axon weeks after surgery, the mean MNCVs of the BMC, diameters were 1.02 ± 0.06 µm for the BMC group, FIB, and VCT groups were 44.1 ± 11.2%, 17.6 ± 8.2%, 0.92 ± 0.02 µm for the FIB group, and 0.93 ± 0.03 µm and 14.2 ± 10.6%, respectively. The rats in the FIB and for the VCT group. The mean of the BMC group was VCT groups in which action potentials were evoked in significantly greater than those of the FIB and VCT pedal adductor muscles were so few that statistical comgroups (both p < 0.001). The difference between the parison was not performed. means of the FIB and VCT groups was not significant. At 24 weeks after surgery, the mean MNCVs of the BMC, FIB, and VCT groups were 73.2 ± 8.8%, 24.5 ± Neural Tissue Area. At 12 weeks after surgery, the mean nerve tissue areas of the BMC, FIB, and VCT groups 11.6%, and 45.6 ± 9.2%, respectively. The mean MNCV of the BMC group was significantly greater than those were 67,411 ± 10,952, 38,331 ± 14,364, and 51,050 ± 14,598 µm 2 , respectively. The mean of the BMC group of the FIB (p < 0.001) and VCT (p = 0.011) groups, and the mean MNCV of the VCT group was significantly was significantly greater than those of the FIB and VCT groups (p < 0.001 and p = 0.021, respectively). The dif-greater than that of the FIB group (p = 0.040) (Table 1) . ference between the means of the FIB and VCT groups female rats into which BMCs or fibroblasts of male origin had been transplanted. The mean concentrations of was not significant.
At 24 weeks after surgery, the mean nerve tissue DNA extracted from the specimens were 120.5 µg/ml for the BMC group and 117.9 µg/ml for the FIB group. areas were 85,729 ± 8307 µm 2 for the BMC group, 46,923 ± 12,789 µm 2 for the FIB group, and 58,257 ± DNA samples from the specimens of these two groups were subjected to PCR 1 and PCR 2. β-Actin-specific 22,078 µm 2 for the VCT group. The mean neural tissue area of the BMC group was significantly greater than bands were detected in all samples extracted from nerve segments of the BMC and FIB groups in the PCR 1 those of the FIB group (p < 0.001) and the VCT group (p < 0.001). The difference between the means of the study. In the PCR 2 study, the density of Sry-specific bands was greater for the BMC group than for the FIB FIB and VCT groups was not significant (Fig. 4, Table 2 ).
group. These results indicate that the regenerated nerve Genomic Studies segments of the BMC group contained more cells originating from male rats than did specimens from the FIB Sufficient DNA for PCR was extracted from 10-mmong nerve segments that regenerated in the chambers of group. The mean ratio of Sry to β-actin was 0.294 ± 0.151 for the BMC group and 0.134 ± 0.060 for the FIB ing that the BMCs had differentiated into cells expressing Schwann cell proteins (Fig. 7) . group (Fig. 5 ).
Immunohistochemistry and In Situ Hybridization DISCUSSION
Electrophysiological and morphohistological analy-Immunohistochemical examination revealed that S-100 and GFAP were expressed in the neural cells at the ses showed that significantly more axons with greater diameters were regenerated in tubes containing BMCs midportion of each intrachamber-regenerated nerve in the BMC group. The fluorescent in situ hybridization and blood vessels than in those containing cultured fibroblasts and blood vessels or blood vessels alone. PCR study was performed using tissue slices adjacent to those used for immunohistochemical staining specific to the studies demonstrated that 29.4% of the nerve tissue regenerated in nerve conduits was derived from trans-S-100 and GFAP proteins. The nuclei of some of the cells that were stained by the S-100 and GFAP antibod-planted BMCs. The in situ hybridization and PKH26prelabeling studies demonstrated that the transplanted ies were also positive for Y-Cy3/12FITC (Y chromosome marker). These results indicate that some of the BMCs within the vessel-containing tubes also stained positively for S-100 and GFAP. Our results show that transplanted BMCs expressed the Schwann cell phenotypic proteins, S-100 and GFAP (Fig. 6) .
BMCs transplanted into tubes containing sufficient blood supply and neurochemical substances released Prelabeling With PKH26 and Immunohistochemistry from the nerve stumps in the tube survived and differentiated into cells expressing Schwann cell phenotypes, Transplanted BMCs that had been prelabeled with PKH26 were also positive for S-100 and GFAP, indicat-which may have accelerated nerve regeneration within Figure 5 . Results of studies using polymerase chain reaction (PCR) specific to the Sry gene performed on DNA extracted from the 10-mm-long regenerated nerve segments. Nerve specimens were taken from the center of the regenerated nerve in each tube (15-mm interstump gap) of the BMC and FIB groups. BMCs or fibroblasts originating from male Lewis rats were transplanted into chambers implanted in the sciatic nerves of female synergetic Lewis rats 12 weeks before the genomic studies. Lanes 1-5: BMC group; lanes 6-10: FIB group. PCR studies were performed on DNA obtained from sciatic nerves of female Lewis rats. β-Actin-specific bands (β-actin) were detected in all 10 nerve segments, whereas Sry-specific bands (Sry) were expressed more strongly in nerve segments of the BMC group than in those of the FIB group. the tubes compared with that of other types of tubes. is known that the maximum distance across which nerve regeneration occurs through an unmodified silicone tube This suggests that BMCs that have differentiated into cells expressing Schwann cell phenotypes may have in the rat sciatic nerve is about 10 mm (18) . The regenerating nerve tissue in a nerve conduit receives oxygen functioned similarly to Schwann cells.
BMCs are multipotential cells that are capable of dif-and nutrition from capillaries extending from nerve stumps connected to either end of the tube and from ferentiating into cells displaying properties characteristic of other types of cells such as osseous cells, cartilagi-exudates secreted from the nerve stumps. When BMCs are transplanted into a nerve conduit less than 10 mm, nous cells, adipose cells, and neural cells (5, 24, 32) . Several authors have reported that nonvascularized tubes they may also survive by obtaining oxygen and nutrition from the capillaries and exudates of the nerve stumps. containing BMCs promote nerve regeneration (6,30). It It is highly possible that transplanted BMCs are more mation of a capillary network within the chamber. Thus, in the present study, BMCs seeded into the nerve con-ischemic and less nutritious in the midportion of a nerve conduit longer than 10 mm, because capillaries or exu-duit containing blood vessels were able to obtain sufficient oxygen and nutrients from the capillaries extending dates are hard to reach the BMCs transplanted in the midportion of the conduit.
from the preinserted blood vessels as well as the nerve stumps joined to either end of the tube, which, in addi-Kakinoki et al. (14) studied the relationship between nerve regeneration and vascularity in a nerve conduit tion to the exudates from the nerve stumps, contributed to the survival and differentiation of the BMCs within consisting of a silicone tube containing pedicled sural vessels in a rat sciatic nerve model. They concluded that the tube. With sufficient oxygen, nutrition, and neurochemical factors within the conduits containing blood the blood vessels in the tube accelerated the rate of axon regeneration and extended the distance over which ax-vessels, BMCs differentiated into cells expressing phenotypes similar to those of Schwann cells and may have ons regenerated by up to 25 mm (15) . They also studied the angiography of a nerve conduit containing blood functioned similarly to Schwann cells to promote nerve regeneration. vessels and found that capillaries extended not only from the nerve stumps but also from the preinserted ves-
The PCR study demonstrated that cells originating from BMCs comprised 29.4% of the entire population sel itself. This was followed by rapid and extensive for-of cells in the regenerated nerve in the conduit. Because were not inserted into the tubes of the ET group and nerve stumps alone were attached to the orifices of the BMCs harvested from male animals were transplanted into the tubes in the sciatic nerves of female synergetic tubes, it is possible that most BMCs transplanted into the tube leaked from the orifice of the tube. Another animals, the transplanted BMCs were exposed to an immune response induced by the H-Y antigen (16,28). The possible explanation for the disparity is that a scaffold to provide attachment for the transplanted BMCs within immune response produced by the H-Y antigen was mild because of the minor histocompatibility mismatch.
the tube was absent. Several researchers have transplanted BMCs into tubes containing scaffolds such as However, if BMCs of male origin had been transplanted into tubes in male rats, the percentage of cells of BMC collagen matrigel or collagen fibers (6,30). In the vesselcontaining tube, the preinserted vessels might have func-origin remaining in the intrachamber-regenerated nerves might have exceed 29.4%.
tioned as scaffolds for BMC attachment within the tube. The present study demonstrated that nerve regenera-Several authors have demonstrated successful nerve regeneration in rat sciatic nerves using tubes trans-tion in the FIB group was inferior to that of the VCT and BMC groups. Transplanted fibroblasts restricted planted with Schwann cells or BMCs that had previously been differentiated in vitro into cells with phe-axon extension, while BMCs promoted axons regenerate by differentiating into Schwann cell-like cells. Sry-specific notypes similar to that of Schwann cells (6,21,30). In our study, undifferentiated BMCs were transplanted into bands obtained from nerve tissue that formed within the tubes of the FIB group possibly originated from trans-nerve conduits. It is unknown whether nerve regeneration through a tube containing Schwann cells or differ-planted fibroblasts that had remained within the tubes and constituted the nerve tissue. entiated BMCs that have been cultured in vitro might be greater than that through a tube containing undifferenti-In conclusion, BMCs transplanted into the chamber of a tube containing vascular vessels survived by obtain-ated BMCs. BMCs are capable of differentiating into various kinds of cells in response to the environment ing oxygen and nutrients from the preinserted vessels. They differentiated into cells expressing phenotypes into which they are transplanted. The process of nerve regeneration requires the presence not only of Schwann similar to those of Schwann cells under the influence of accumulated neurotrophic and neurotropic factors within cells, but that of other types of cells such as endothelial cells or fibroblasts. Thus, it is possible that undifferenti-the chamber. Differentiated cells with phenotypes similar to those of Schwann cells contributed to the promo-ated BMC transplantation might promote nerve regeneration to a greater extent than Schwann cells or differenti-tion of axon regeneration through the tube. This vesselcontaining tube with transplanted BMCs may constitute ated BMCs transplantation because undifferentiated BMCs have more potential to differentiate into the vari-a further step in the development of an artificial nerve. ous cells needed for nerve regeneration than Schwann REFERENCES cells or differentiated BMCs. Because Schwann cells must be obtained from a nerve in order to be cultured in 1. Aoyama, T.; Nagayama, S.; Okamoto, T.; Hosaka, T.; Nakamura, T.; Nishijo, K.; Tsuboyama, T.; Nakayama, T.;
vitro, a healthy nerve must be sacrificed to get Schwann 
